The essential oil from Liquidambar formosana leaves (EOLF) was demonstrated to exhibit anti-inflammatory activity in mouse macrophages. EOLF reduced nitrite oxide generation, secretion levels of tumor necrosis factor-α and interleukin-6, and expression levels of prointerleukin-1β, inducible nitric oxide synthase, and cyclooxygenase-2 in lipopolysaccharide (LPS)-activated mouse macrophages. EOLF also reduced NLRP3 inflammasome-derived interleukin-1β secretion. The underlying mechanisms for the EOLF-mediated anti-inflammatory activity were (1) reduction of LPS-induced reactive oxygen species generation;
Formosan sweet gum (Liquidambar formosana Hance, family Hamamelidaceae) is a tree that is distributed mainly in Guangdong, Guangxi, Fugian, Jiangxi, Gueizhou, and Sichuan provinces of mainland China, and Taiwan [1] . Wood of the species is suitable for use as building material, for furniture, and the cultivation of shiitake mushrooms. Balsam of the tree is a traditional Chinese herbal medicine for promotion of blood circulation, alleviating entrained blood clot, as an analgesic, and as anti-inflammation and wound healing agents [2] . Chien et al. [3] analyzed the balsam composition and proved it possessed antifungal activity. The ethanolic leaf extractive was found to have excellent antioxidant activity [4] . However, Liu et al. [5] and Zhang et al. [6] analyzed its leaf essential oil without finding any bioactivity. Therefore, the purpose of the present study was: (a) to evaluate the anti-inflammatory activity of the essential oil from the L. formosana leaf (EOLF) in lipopolysaccharide (LPS)-activated mouse macrophages; and (b) to examine the chemical composition of EOLF by GC-FID and GC-MS. Our results provide support for the potential pharmaceutical application of EOLF for immune modulation purposes.
The anti-inflammatory activity of EOLF was investigated using LPS-activated J774A.1 macrophages. As shown in Figure 1A , NO generation was inhibited by EOLF in a dose-dependent manner. In the same system, we found that secretion levels of tumor necrosis factor-α (TNF-α) ( Figure 1B ) and interleukin-6 (IL-6) ( Figure 1C ) were inhibited by EOLF in a dose-dependent manner. In addition, protein expression levels of inducible NO synthase (iNOS), cyclooxygenase-2 (COX-2), and prointerleukin-1β (proIL-1β) were also reduced in a dose-dependent manner by EOLF ( Figure 1D ). Furthermore, EOLF reduced NLRP3 inflammasome-derived inter-leukin-1β (IL-1β) secretion in LPS-and ATP-activated J774A.1 macrophages ( Figure 1E ). To confirm that the effects of EOLF on inflammatory mediator expression was not due to reduced cell viability, the toxicity of EOLF for J774A. 1 macrophages was Figure 1F ).
Mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase (ERK1/2), c-Jun N-terminal kinase (JNK1/2), and p38 MAP kinase (p38), are important cellular signal transduction molecules controlling inflammatory mediator expression in LPS-activated macrophages [7] [8] [9] [10] . We examined whether EOLF reduced LPS-induced inflammatory mediator expression by inhibiting MAPKs signaling pathways. The results showed that EOLF reduced the phosphorylation levels of ERK1/2, JNK1/2, and p38 in LPS-activated macrophages (Figure2).
We also examined whether EOLF reduced LPS-induced nuclear factor-κB (NF-κB) activation, which plays important roles in inflammatory response [11] . NF-κB is sequestered in the cytoplasm as an inactive precursor complex by its inhibitory protein, IκB. Upon LPS stimulation, IκB is phosphorylated by IκB kinase, ubiquitinated, and rapidly degraded via proteasomes to release NF-κB [12] . We found that EOLF inhibited the phosphorylation level of IκB-α in LPS-activated macrophages ( Figure 3A ). In addition, using the NF-κB-dependent alkaline phosphatase reporter assay, we demonstrated that NF-κB transcriptional activity in LPS-stimulated macrophages was reduced by EOLF ( Figure 3B ). Reactive oxygen species (ROS) play important roles in inflammatory mediator expression and NLRP3 inflammasome activation [13, 14] . In this study we found that EOLF and anti-oxidant N-acetyl-cysteine significantly reduced LPS-induced ROS generation ( Figure 4 ). The terpinen-4-ol, one of the major ingredients of EOLF, has been demonstrated to inhibit TNF-α, IL-1β, IL-8, IL-10 and PGE2 in LPS-activated monocytes [15] . In summary, our current findings suggested that EOLF has anti-inflammatory activities. Identified constituents of EOLF are presented in Table 1 , where all compounds are listed in order of their elution from a DB-5 column. Twenty-five compounds were identified (Table 1) , representing 100.0% of the oil. Among the groups, monoterpene hydrocarbons (60.4%) predominated, followed by oxygenated monoterpenes (37.7%), sesquiterpene hydrocarbons (1.5%), and oxygenated sesquiterpenes (0.4%). Among the monoterpene hydrocarbons, β-pinene (18.0%), γ-terpinene (13.8%), and α-terpinene (9.7%) were the major compounds, and of the oxygenated monoterpenes, terpinen-4-ol (32.0%) was the major component. To further investigate whether the major compounds are responsible for the anti-inflammatory activity of EOLF in LPS-activated macrophages, terpinen-4-ol, β-pinene, and γ-terpinene were tested for their NO inhibition activity. As shown in Figure 5 , NO generation was significantly reduced by terpinen-4-ol, while NO generation was only slightly reduced by γ-terpinene and α-terpinene at high concentration, suggesting that terpinen-4-ol is the major bioactive constituent of EOLF. Anti-inflammatory activity of Liquidambar formosana leaf oil Natural Product Communications Vol. 9 (6) 2014 871 L. formosana leaf oil from Sichuan (China) contained mainly β-pinene, α-pinene, (E)-2-hexenal, limonene, and β-caryophyllene [5] ; and the leaf oil from Guangxi (China) consisted of mainly β-pinene, α-pinene, and limonene [6] ; some of our main ingredients such as terpinen-4-ol, γ-terpinene, and α-terpinene were different from theirs. Furthermore, we compared leaf essential oils of L. styraciflua and L. orientalis. The leaf oil of L. styraciflua was composed of terpinen-4-ol, α-pinene, β-pinene, sabinene, d-limonene, and γ-terpinene [16] [17] [18] [19] [20] in decreasing order, whereas the leaf oil of L. orientalis contained terpinen-4-ol, α-terpineol, sabinene, α-pinene, viridiflorene, and germacrene D [20, 21] . Thus, the compositions of the leaf essential oils of these two related species are similar to that of L. formosana in this study.
Experimental
Materials: Leaves of L. formosana were collected in June 2013 from Taipei Botanical Garden in north Taiwan (Taipei County, elevation 50 m, N 25º 01´ 48˝, E 121º 30´ 35˝). The samples were compared with specimen no. ou 58898 from the Herbarium of National Chung-Hsiung University. The voucher specimen (CLH-039) was deposited in the NIU herbarium. Wood of the species was collected for subsequent extraction and analysis. LPS (from Escherichia coli 0111:B4), ATP, and mouse antibodies against mouse phospho-ERK1/2, phospho-JNK1/2, phospho-p38, actin and the other chemicals were purchased from Sigma (St. Louis, MO). Rabbit antibodies against mouse ERK1/2, p38, phospho-IκB-α, iNOS, COX-2, and HRP-second antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). IL-1β, IL-6, and TNFα ELISA kits were purchased from R&D Systems (Minneapolis, MN), and terpinen-4-ol, β-pinene, and γ-terpinene from the Fluka Company.
Isolation of EOLF:
One Kg air-dried L. formosana leaves were distilled for 3 h using a Clevenger-type apparatus and a hydrodistillation technique. After distillation, the volume of essential oil obtained was measured, and the essential oil then stored in glass containers that were hermetically sealed with rubber lids, covered with aluminum foil to protect the contents from light, and kept refrigerated at < 4ºC until used. The yield of essential oil was 1.6 ± 0.02 mL/100 g, based on the dry mass of the leaf.
EOLF analysis:
A Hewlett-Packard HP 6890 gas chromatograph equipped with a DB-5 fused silica capillary column (30 m x 0.25 mm x 0.25 μm film thickness, J&W Scientific) and a FID detector was used for the quantitative determination of EOLF components. The oven temperature was programmed as follows: 50ºC for 2 min, rising to 250ºC at 5 ºC/min. Injector temperature: 270ºC. Carrier gas: He with a flow rate of 1 mL/min. Detector temperature: 250ºC, split ratio: 1:10. Diluted samples (1.0 μl, 1/100, v/v, in ethyl acetate) were injected manually in the split mode. Identification of the oil components was based on their retention indices and mass spectra obtained from GC/MS analysis on a Hewlett-Packard HP 6890/HP5973 equipped with a DB-5 fused silica capillary column (30 m x 0.25 mm x 0.25 μm film thickness, J&W Scientific). The GC analysis parameters listed above and the MS were obtained (full scan mode: scan time: 0.3 s, mass range was m/z 30-500) in the EI mode at 70 eV. Data are expressed as the means ± SD of 3 independent experiments.
Component identification: Identification of EOLF constituents was based on comparisons of retention index (RI) [23] , retention times (RT), and mass spectra with those obtained from authentic standards and/or the NIST and Wiley libraries spectra, and literature [22, 23] .
Cell culture: The mouse macrophage J774A.1 cell line was obtained from the Bioresource Collection and Research Center (Taiwan, ROC). An NF-κB reporter cell line, RAW-Blue™ cells, that stably expresses a secreted embryonic alkaline phosphatase gene inducible by NF-κB was obtained from InvivoGen (San Diego CA, USA). Both cells were propagated in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum and 2 mM L-glutamine (Life Technologies, Frederick MD, USA), and cultured in an incubator maintained at 37°C and 5% CO 2 .
NO detection: J774A.1 macrophages (2 × 10 6 cells in 2 mL medium) were seeded in 60 mm dishes and incubated with or without EOLF for 30 min, followed by incubating with or without LPS (1 µg/mL) for an additional 24 h. NO generation was measured by the Greiss reaction.
Detection of cytokine by enzyme-linked immunosorbent assay (ELISA):
For TNF-α and IL-6 studies, J774A.1 macrophages (2 × 10 6 cells in 2 mL medium) were seeded in 60 mm dishes and incubated with or without EOLF for 30 min, followed by incubating with or without LPS (1 µg/mL) for an additional 24 h. For the IL-1β study, J774A.1 macrophages (2 × 10 6 cells in 2 mL medium) were seeded in 60 mm dishes and incubated with or without EOLF for 30 min, followed by incubating with or without LPS (1 µg/mL) for 6 h; then the cells were incubated with 5 mM ATP for an additional 30 min. Cytokine concentration in the medium was assayed by ELISA.
Detection of protein expression levels of proIL-1β, iNOS, and COX-2 by Western blot:
J774A.1 macrophages (2 × 10 6 cells in 2 mL medium) were seeded in 60 mm dishes and incubated with or without EOLF for 30 min, followed by incubating with or without LPS (1 µg/mL) for an additional 6 h (for proIL-1β) or 24 h (for iNOS and COX-2). The protein expression levels of proIL-1β, iNOS, and COX-2 were assayed by Western blot.
Cell viability assay: J774A.1 macrophages (5000 cells in 0.1 mL medium) were seeded in a 96-well plate and incubated with or without EOLF for 24 h. Thereafter, 10 µL AlamarBlue® reagent (AbD Serotec, Oxford, U.K.) was added into each well and incubated at 37°C for 2 h. The cell viability was determined by the fluorescence intensity detected at 570 nm and 600 nm.
Detection of phosphorylation levels of MAPKs and IκB-α:
For detection of phosphorylation levels of MAPKs, J774A.1 macrophages (2 × 10 6 cells in 2 mL medium) were seeded in 60 mm dishes and incubated with or without 25 µg/mL EOLF for 30 min, followed by incubating with or without LPS (1 µg/mL) for an additional 0-60 min. For detection of phosphorylation levels of IκB-α, J774A.1 macrophages (2 × 10 6 cells in 2 mL medium) were seeded in 60 mm dishes and incubated with or without EOLF for 30 min, followed by incubating with or without LPS (1 µg/mL) for an additional 30 min. The phosphorylation levels of ERK, JNK, p38, and IκB-α were assayed by Western blot.
NF-κB reporter assay:
RAW-Blue™ cells (2 × 10 6 cells in 2 mL medium) were seeded in 60 mm dishes and incubated with or without EOLF for 30 min, followed by incubating with or without LPS (1 µg/mL) for an additional 24 h. Twenty µL medium was then mixed with 200 µL QUANTI-Blue™ medium (InvivoGen, San Diego, CA) in a 96-well plate at 37°C for 15 min. NF-κB activity were determined by measuring optical density at 655 nm using an ELISA reader. Intracellular ROS production: J774A.1 macrophages (5000 cells in 0.1 mL medium) were seeded in a 96-well plate and incubated with or without 25 µg/mL EOLF or 10 mM N-acetyl cysteine for 30 min, then incubated with 2 µM 2',7'-dichlorofluorescein diacetate for an additional 30 min, and then stimulated with 1 µg/mL LPS for 0-40 min. The fluorescence intensity of 2',7'-dichlorofluorescein was detected at an excitation wavelength of 485 nm and an emission wavelength of 530 nm on a microplate absorbance reader.
Statistical analysis:
All values are given as means ± S. D. Data analysis involved one-way ANOVA with subsequent Scheffé test.
